Introduction
In unlubricated sliding contact, essentially ail the mechanical work done to overcome friction is converted into heat produced in the vicinity of real contacts. The amount of frictional heat flux q is proportional to the friction coefficient /A, the normal force F, and the sliding velocity v, but is inversely proportional to the nominal contact area A n (e.g., q = (/x. X F X v)/A n).
"
3 The real areas of contact, being much smaller than the nominal contact area, give rise to much higher local heat fluxes in the vicinity of asperity contacts. Because the frictional heat flux enters the contacting bodies through thèse régions (or locations known as "hot spots"), their local températures (referred to as "flash température") can be much higher than the overall or "bulk" surface température, as discussed in Previous studies hâve demonstrated that frictional heat can profoundly affect the friction and wear behavior of both metallic and ceramic materials. In most steels 4 and nonoxide ceramics, 56 frictional heat was found to foster oxidation. The occurrence of phase transformations on or near the sliding surfaces was also cited in the literature for certain steels 7 and Z r 0 2 -based ceramics.* 9 Except for SiC, BeO, and AIN, most ceramics hâve significantly lower thermal conductivity than do metals. When in sliding contact, ceramics cannot dissipate frictional heat generated at sliding interfaces as effectively as most metallic alloys. Large température gradients can often develop between areas of real contact and surrounding régions, thus creating high thermal stresses. When thèse thermal stresses are combined with normal and tangential stresses (due to applied load and frictional traction), plastic yielding may occur and can produce wear; 23 alternatively, thèse brittle ceramics may fracture and hence may suffer severe wear losses. Plastic flow due to thermal softening and local melting may also occur and govern the wear behavior of ceramics.
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In récent papers, we hâve demonstrated that silver can be an effective solid lubricant for insulating ceramics.
" 13 Silver has a very high thermal conductivity (e.g., at 298 K, k^ = 429 W/m • K). Moreover, it is relatively soft and chemically inert, thus can shear easily to reduce friction, and can resist oxidation when used in open air and elevated températures. The purpose of this srudy is to further explore the effectiveness of silver in controlling the wear of magnesia-partially stabilized zirconia (MgO-PSZ), especially at high sliding velocities where frictional heat becomes pronounced. Magnitudes of expected flash températures are displayed in tempéra-ture maps generated by the T-MAPS software of Ashby et al. 1 The chemical and structural changes at the sliding interfaces are examined microscopically and correlated with the f lash-temperature estimâtes.
Expérimental Détails

Test
Materials The pin and disk spécimens were prepared from Nilcra grade MS MgO-PSZ comprising «4.3% monoclinic, 24.4% tetragonal, and 71.3% cubic phases.
14 Some of the mechanical and thermal properties of this ceramic are summarized in Table I . 15 The disk spécimens, 75 mm in diameter by 8 mm thick, were surface-finished by diamond-wheel grinding to an average roughness value of 0.2 ± 0.02 /xm centerline average (CLA).
The counterface pins were made of 9.5 mm diameter balls with a surface finish of =0.03 fim CLA. AH spécimens were ultrasonically cleaned sequentially in hexane + 10 vol % toluène, acétone, deionized water containing 2 wt% laboratory déter-gent, and deionized water for about 1 min each, and then dried in an oven at 110°C for 20 min. This cleaning séquence was shown in Référence 16 to remove much of the organic contamination from the exposed surfaces of oxide ceramics.
Ion-Beam-Assisted Déposition of Silver
Thin silver films were formed by ionbeam-assisted déposition (IBAD) at room température in a vacuum chamber equipped with an electron-beam-heated evaporation source. Further détails of this System and déposition procédures can be found in Références 11-13. Prior to déposition of Ag, MgO-PSZ disks were sputter-cleaned by Ar ion bombardment. A 25 nm thick Ti layer was then produced on clean disk surfaces to help increase Ag film adhé-sion. Both the initial Ti layer and the Ag films were deposited under ion bombardment. The thickness of the résultant surface film was about 1.5 /xm.
Friction and Wear Tests
Friction and wear tests were performed with pairs of MgO-PSZ/MgO-PSZ and MgO-PSZ/Ag-coated MgO-PSZ, at velocities ranging from 0.05 to 7.3 m/s. Two commercial pin-on-disk machines (Plint TE67 and CSEM-Tribometer) were used to cover the wide range of velocities. The spécifie test conditions are summarized in Table H . A 5 N load was used in ail tests, creating an initial mean Hertzian contact pressure of =0.54 GPa for the MgO-PSZ test pairs. Frictional force was monitored by linear variable-displacement transducers and recorded on chart papers throughout the tests.
Wear-volume measurements on the balls used a mathematical expression suggested by Fischer and Tomizawa. 17 For better accuracy and reproducibility, two to four duplicate tests were run, and the average values with standard déviations are reported. Wear scars and tracks, as well as wear-debris particles, were examined by scanning électron microscopy. Figure 1 shows the wear rates of MgO-PSZ balls sliding against uncoated and Ag-coated MgO-PSZ disks at différent velocities. As is évident, wear increases sharply when the velocity is increased from 0.05 to 1 m/s. However, a slight decrease occurs when the velocity is further increased. Microscopic examination of the sliding surfaces of MgO-PSZ balls revealed that at 1 m/s (where the highest wear rate was observed), wear was largely dominated by plastic flow, microcutting (see Figure 2a) , and some microcracking (not shown in this micrograph). Wear-debris particles produced at this velocity were mostly flakelike fragments. Bail surfaces rubbed at velocities of 2 m/s and up contained features indicative of thermal cracking and local melting (see Figure 2b) . Some plastic flow and/or smearing of asperity tips was also apparent on thèse surfaces. The molten MgO-PSZ seemed to hâve squeezed out Wear Rate of the sliding interfaces and accumulated around the trailing edges of the balls (see Figure 2c ). Wear-debris particles found on and around the sliding surfaces consisted of large fragments and very fine débris particles (see Figure 2d) . Large fragments appeared to hâve been produced by local melting of asperities and/or fine débris particles trapped at sliding interfaces.
Results and Discussion
As shown in Figure 1 , Ag films substantially reduce the wear rates of MgO-PSZ balls at ail sliding velocities tested in this study. For example, at 1 m/s, the average wear rate of balls sliding against the Agcoated disks are reduced by a factor of =1,000 below that of balls slid against uncoated disks. The wear of Ag-coated disks was practically unmeasurable. Ag films remained intact on the rubbing surfaces following ail the sliding tests. Wear appeared to hâve been confined to the asperity tips of underlying substrates.
As shown in Figure 3 , the steady-state friction coefficients of test pairs without an Ag film are in the range of 0.65 to 0.75 at velocities up to 1 m/s. However, at much higher sliding velocities, friction coefficients decrease monotonically, reaching a value of =0.42 at 7.3 m/s. As for the pairs containing a Ag film, their friction coefficients are significantly lower and fluctuate between 0.30 and 0.35 at steady state. Thèse results demonstrate that increasing velocity can hâve profound effects on the friction and wear behavior of MgO-PSZ ceramics. Furthermore, thin Ag films are very effective in reducing the wear of MgO-PSZ. The réduction in friction is also significant, especially at lower velocities. Thèse observations are consistent with the original hypothesis that thin films of high thermal conductivity can indeed reduce the wear of insulating ceramics quite substantially.
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For the rapid increase in wear with increasing velocity, we propose the foUowing explanation. As mentioned earlier, because of its very poor thermal conductivity (e.g., at 298 K, «TM^ISZ = 3.08 W/m • K), MgO-PSZ cannot dissipate frictional heat rapidly from its sliding interfaces. As a resuit, hot spots may undergo thermal softening and can easily be smeared and/or deformed, as was seen in Figure 2a . Furthermore, steep température gradients that can develop between hot spots and surrounding régions can cause high thermal stresses to develop in and around the hot spots. When thèse thermal stresses are combined with normal and tangential stresses (due to applied load and frictional traction), microcracks can eventually develop and promote wear.
Using the T-MAPS software of Ashby et al. 1 , we attempted to estimate the flash températures. Taking into account the materials properties given in Table I and test  conditions in Table II , and for reasonable values of adjustable parameters, we constructed a séries of température maps to show the magnitude of flash tempéra-tures during sliding at velocities of 1, 2, and 4 m/s. The map in Figure 4 displays the variation of bulk (solid lines) and flash températures (dotted lines) over a wide range of pressure and sliding velocity. The data point is for our tests run at 2 m/s. For the test conditions and materials properties selected (see Table I ), it is predicted that local asperity melting of MgO-PSZ becomes feasible at sliding velocities greater than =1.8 m/s, which is designated as the critical velocity v c in Ashby's model. The map suggests that the magnitude of flash température would hâve been =1800°C at a velocity of 1 m/s, but at 4 and 6 m/s flash températures well in excess of the melting point of the MgO-PSZ used in this study are predicted.
Admittedly, such température estimâtes are notoriously variable and dépend largely upon the particular choices of important parameters. It should be noted, however, that selected disposable parameters are similar to those deduced by Ashby et al. 1 from quantitative matching of theory and available expérimental data for the Z r 0 2 material. Thus, it is reasonable to say that our estimâtes hâve at least some semiquantitative reliability.
In support of the predicted flash températures for MgO-PSZ/MgO-PSZ test pairs, scanning électron micrographs in Figure 2 reveal some évidence of plastic flow and microcutting on a surface rubbed at 1 m/s, but local melting on surfaces rubbed at much higher velocities. Deep graves and plastic flow seen in Figure 2a suggest that this surface was softened (possibly because of frictional heating), and thus could be scratched or deformed easily by harder particles and/or asperities. However, indications of local melting of those surfaces rubbed at much higher velocities suggest that at least the flash température of contact interfaces was on the order of the melting point of MgO-PSZ.
As is évident from Figure 2c , any molten portion of the MgO-PSZ is easily carried away and/or squeezed out of the sliding interface in the liquid and/or near-liquid state, after which it solidifies and accumulâtes around the trailing edges of the balls. Solidified portions can be broken or chipped away during sliding. The large fragments in Figure 2d are believed to hâve been formed by local melting, because they exhibit microfeatures indicative of melting.
The friction coefficients of MgO-PSZ/ MgO-PSZ pairs decrease monotonically from =0.75 at 1 m/s to =0.42 at 7.3 m/s, and we believe this is due to local asperity melting at thèse high velocities. Recently, Ashby et al. proposed a semi-empirical model to describe the velocity-dependent frictional behavior of sliding pairs. The présent version of the T-MAPS software (i.e., Version 2.0) does not specifically handle coatings. However, to illustrate the rapid heat-dissipating effect of silver films, we attempted to estimate crudely the amount of flash heating for pairs containing a silver film. We assumed that thermal interactions at the sliding interfaces occur only between the uncoated MgO-PSZ pins and the Ag coating itself. This assumption may not hold for ultrathin films (e.g., those only a few nanometers thick) but may be considered reasonable for the thicknesses used in our case (i.e., 1.5 /xm). Using the T-MAPS software, we generated a température map ( Table I . 18 The data points indicate the tests conducted at 1, 2, 4, and 6 m/s.
It is again important to emphasize that this is a first attempt to account for the heat-dissipating effect of high-thermalconductivity films. The results hère should be used only to assess the expected flash températures because only short-range, latéral heat f low between asperity contact points is required to reduce asperity heating. For bulk-temperature estimâtes, the assumption of Zr0 2 -Zr02 contact, as in Figure 4 , is more appropriate because the bulk heating is determined by the longrange transport of heat through the ce- Sliding Velocity (m/s) Table I ). ramic substrate to the heat sink where the spécimen is secured to the test-machine framè. Based on the température maps for uncoated and Ag-coated test pairs, and on the wear-test results, it is reasonable to conclude that the fast latéral dissipation of frictional heat from the local contact areas of ceramics is important for achieving lower wear rates. Therefore, the wearcontrolling factor at high sliding velocities is closely related to the rapid latéral dissipation of frictional heat from asperity contacts.
Sliding Friction and Wear of Ceramics With and Without Soft Metallic
Conclusions
Under the test conditions of this study, sliding velocity has significant effects on the friction and wear behavior of magnesia partially stâbilized zirconia ceramics.
At lower velocities of up to 1 m/s, the friction coefficients were high and the wear rates of balls increased sharply with increasing velocity. However, at higher velocities, both friction and wear decreased first, but wear tended to increase again with further increasing velocity.
For the régime where friction fell monotonically, we found a good corrélation between measured friction values and values predicted by an empirical friction model by Ashby et al. 1 Electron microscopy inspection of the wear scars revealed some évidence of thermal cracking, plastic flow, and local melting, with the implication that thèse were the dominant mechanisms controlling the wear of MgO-PSZ ceramics.
We found that électron microscopy observations of worn surfaces correlated with the magnitude of flash températures estimated from the Ashby température maps.
Because of their very high thermal conductivity, silver films are very effective in reducing the wear of ceramics, especially at high sliding velocities. Also, they are effective in reducing the friction coefficient.
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